In the direct current (DC) microgrid composed of multiple distributed generations, due to the different distances between various converters and the DC bus in the system, the difference of the line resistance will reduce the current sharing accuracy of the system. The droop control was widely used in the operation control of the DC microgrid. It was necessary to select a large droop coefficient to improve the current sharing accuracy, but a too large droop coefficient will lead to a serious bus voltage drop and affect the power quality. In view of the contradiction between the voltage regulation and load current sharing in the traditional droop control, a hierarchical control algorithm based on the improved droop control of the fuzzy logic was proposed in this paper. By improving the droop curve, the problems of voltage regulation and current sharing were solved simultaneously. The effectiveness of the algorithm was verified by simulation.
Introduction
In the direct current (DC) microgrid, the DC bus voltage directly reflects the power transmission information in the system. When the DC microgrid operates in the island mode, an appropriate control strategy should be selected to stabilize the DC bus voltage [1] . The DC bus voltage stability is very important for normal operation of the DC microgrid system. At present, the droop control has become a common control mode due to its characteristics of high current sharing accuracy, plug-and-play, simple implementation and high reliability [2] . Generally, the DC/DC converter usually adopts the voltage and current double loop control method, so the DC droop control is implemented for commonly: The droop curve control is the outer loop of the voltage and current double loop control link. The reference value of the output voltage of the converter is obtained by the droop calculation. The reference value is added to the voltage and current double loop control, and then the control signal of the converter is obtained [3] .
Although the droop control has many advantages, it still has its limitations that can not be ignored [4] . In the case of large differences in the line resistance, the current sharing accuracy of the system will be reduced by using the droop control. The output voltage of the traditional droop control decreases linearly with the increase of the output current, that is, the voltage regulation and current sharing between distributed generations (DGs) can not be realized simultaneously [5] . Reference [6] establishes the mixed potential function of the Buck/Boost converter, analyzes the influence of control parameters on system stability, and proposes the DC bus voltage compensation strategy. However, the stability of the DC microgrid with a single DG power supply is analyzed, and the coordinate operation of multiple DGs is not studied. Reference [7] proposes a voltage hierarchical control strategy to make the system operate stably and switch smoothly under different operation modes. However, this method does not solve the problem of the large bus voltage fluctuation, and requires high power and regulation capability of each converter. Reference [8] adopts the adaptive droop control strategy to optimize the output power of energy storage batteries under different operation modes, and proposes coordinated control strategies of three types of converters to achieve smooth switching and stable operation between different operation modes of microgrid. However, the effects of DG and system load fluctuation are not considered. Reference [9] proposes a centralized secondary control structure, in which the system voltage information is obtained by the centralized controller, and the voltage is regulated by the bottom droop control. Although this method has high control accuracy, it relies heavily on the centralized control unit and can not realize plug-and-play. References [10] and [11] propose a virtual capacitive droop control to realize the power distribution among different DGs. However, the influence of the line resistance on the power distribution characteristics of the controller is not considered, which makes it difficult for energy storage devices at different positions to respond to the unbalanced power in the system according to the set distribution scheme. Reference [12] proposes an adaptive droop control strategy. By automatically adjusting the virtual resistance of the droop controller of each energy storage unit, the automatic load power distribution and state of charge (SOC) balance between different energy storage units can be achieved, which is conducive to solving the problem of over charge and over discharge of energy storage batteries. However, the bus voltage fluctuates greatly when the power of DG and the system load fluctuate. Reference [13] proposes a double compensation method of the average voltage and current, which compensates the longitudinal intercept of the droop curve. By translating the traditional droop curve, the current distribution and voltage recovery capacity of the system can be improved at the same time. However, the control flexibility is poor, the system communication pressure also increases. References [14, 15] propose an adaptive droop control strategy for the DC microgrid based on the discrete consistency algorithm. Consistent iteration is used to obtain the average voltage of the system, and the voltage regulation and current distribution are realized by adjusting the droop gain. The convergence performance is an important index of the consistency control. The convergence performance of the traditional asymptotic consistency algorithm depends on the properties of communication topology. The larger the scale of the multi-agent system is, the longer the convergence time of consistency is. At the same time, the uncertainty of communication topology is also an important factor affecting the convergence performance. In order to prolong the life of the energy storage unit and avoid overuse of one unit, the tertiary level of control should include the battery management strategy, which is used to balance the charging status of each unit [16] . Reference [17] proposes an adaptive droop control strategy based on the consistency algorithm. Current (secondary) and power (tertiary) controllers are added to the local controller to ensure the optimal operation of the DC microgrid. Reference [18] proposes a multi-stage control method based on the improved dynamic consistency algorithm. The tertiary level of control optimizes the overall conversion efficiency of the converters connected to the battery by using the average voltage recovery value calculated by the secondary control. The tertiary control structure needs to be combined with the secondary control, so the tertiary level of the control process is also a cooperative control process of iterative calculation. Through the tertiary level of control, the economy and energy efficiency of the microgrid system have been improved, but there are still limitations such as control complexity, communication delay and measurement error, and the communication safety factor needs to be optimized and improved.
Therefore, based on the improved droop control of the fuzzy logic, a hierarchical control algorithm is proposed in this paper. The proposed algorithm can improve the droop curve by outputting the corresponding virtual compensation resistance from the fuzzy logic controller and solves the problems of voltage regulation and current sharing. The proposed algorithm uses a low-speed communication system of distributed hierarchical control to obtain the voltage, current and droop coefficients of each unit in the system. For the centralized control, the redundant communication system is needed to reduce the probability of failure, but it increases the cost and complexity of the control system. The low-speed communication system of the distributed secondary control reduces the cost of the communication system, solves the drawbacks of the centralized communication system and simplifies the structure of According to the different ways of the DC bus voltage stability control, it can be divided into the master-slave control and peer-to-peer control [19] . In the master-slave control mode, there is only one master control unit in the DC microgrid system. The stability and reliability of the system depend entirely on the control unit. Once the unit fails, it may lead to bus voltage instability, and even lead to the DC system collapse. Thus, the reliability of the master-slave control mode is poor. Compared with the master-slave control, droop control, as the main peer-to-peer control mode, is widely used because of its simple implementation, high current sharing accuracy, plug-and-play and high reliability [20] .
The block diagram of the DC droop control is shown in Figure 2 [21] . Among them, Udc and Idc are the output voltage and output current of the converter, Udc* and Idc* are the output reference voltage and output reference current calculated by the droop curve, Uo is the output voltage of the converter when no load is on, Rd is the virtual resistance, i.e., droop gain. The principle of the DC droop control is to calculate the reference voltage by measuring the DC current and combining the droop curve, add the reference voltage to the voltage and current double loop control, and then generate the control signal of the converter. According to the different ways of the DC bus voltage stability control, it can be divided into the master-slave control and peer-to-peer control [19] . In the master-slave control mode, there is only one master control unit in the DC microgrid system. The stability and reliability of the system depend entirely on the control unit. Once the unit fails, it may lead to bus voltage instability, and even lead to the DC system collapse. Thus, the reliability of the master-slave control mode is poor. Compared with the master-slave control, droop control, as the main peer-to-peer control mode, is widely used because of its simple implementation, high current sharing accuracy, plug-and-play and high reliability [20] .
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DC Droop Control

Principle of DC Droop Control
The typical structure diagram of a single bus DC microgrid is shown in Figure 1 . According to the different ways of the DC bus voltage stability control, it can be divided into the master-slave control and peer-to-peer control [19] . In the master-slave control mode, there is only one master control unit in the DC microgrid system. The stability and reliability of the system depend entirely on the control unit. Once the unit fails, it may lead to bus voltage instability, and even lead to the DC system collapse. Thus, the reliability of the master-slave control mode is poor. Compared with the master-slave control, droop control, as the main peer-to-peer control mode, is widely used because of its simple implementation, high current sharing accuracy, plug-and-play and high reliability [20] .
The block diagram of the DC droop control is shown in Figure 2 [21] . Among them, Udc and Idc are the output voltage and output current of the converter, Udc* and Idc* are the output reference voltage and output reference current calculated by the droop curve, Uo is the output voltage of the converter when no load is on, Rd is the virtual resistance, i.e., droop gain. The principle of the DC droop control is to calculate the reference voltage by measuring the DC current and combining the droop curve, add the reference voltage to the voltage and current double loop control, and then generate the control signal of the converter. Among them, U dc and I dc are the output voltage and output current of the converter, U dc * and I dc * are the output reference voltage and output reference current calculated by the droop curve, U o is the output voltage of the converter when no load is on, R d is the virtual resistance, i.e., droop gain. The principle of the DC droop control is to calculate the reference voltage by measuring the DC current and combining the droop curve, add the reference voltage to the voltage and current double loop control, and then generate the control signal of the converter. 
Limitations of DC Droop Control
Traditional droop control can carry out the proportional load distribution in the DC microgrid, and the method is simple, but at the same time it has inherent limitations. Due to the difference of the line resistance between DG and the point of common coupling (PCC) in the DC microgrid system, the output voltage of the converter is deviated, which leads to the reduction of current sharing accuracy among converters [22] . Although increasing the droop gain can improve the current sharing accuracy, it will further increase the DC bus voltage deviation [23] . Figure 3 is a simplified model of the DC microgrid system with two groups of DGs, where R linei (i = 1, 2) is the line resistance from the ith DG to the PCC [24] .
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it can be seen from (6) that the DC bus voltage decreases with the increase of the droop resistance. The maximum droop gain is limited by the maximum allowable DC bus voltage deviation and the full load current of the converter. Therefore, the variation of droop gain R di should satisfy the following conditions:
among them, the ∆U im and I dcf are the maximum allowable voltage drop and full load current of the ith converter, respectively. When the line resistances are unequal, the current difference between the two modules can be reduced and the current sharing accuracy can be improved by increasing the droop gain. However, the large droop gain results in greater voltage deviation, which further deviates the DC bus voltage from its reference value [13, 26] . In order to solve the inherent limitations of the traditional droop control, a hierarchical control algorithm for the DC microgrid is proposed in this paper.
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The Design of Fuzzy Logic Controller
The Fuzzy Logic Controller
The fuzzy control is a computer intelligent control based on the development of fuzzy aggregation, fuzzy linguistic variables and fuzzy logic reasoning. It is a non-linear and intelligent control system. The fuzzy control has been widely used in practical engineering [27] . Compared with the traditional control method, the control effect of the fuzzy control is better for the non-linear time-varying control object. On the one hand, the control object of the fuzzy control does not need to have a relatively accurate model. It relies on the experience of the designer in the design process of the control strategy and avoids the calculation of complex formulas. On the other hand, the establishment of the fuzzy rule base can be adjusted according to the controlled object, which is convenient for system management and control. Figure 4 is a block diagram of the principle of the fuzzy control. The fuzzy controller includes four modules: Expert knowledge base, fuzzification processing, fuzzy reasoning and de-fuzzification processing. maximum voltage deviation under the full load condition. The voltage drop through the droop resistance can be expressed as:
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The Fuzzy Logic Controller
The fuzzy control is a computer intelligent control based on the development of fuzzy aggregation, fuzzy linguistic variables and fuzzy logic reasoning. It is a non-linear and intelligent control system. The fuzzy control has been widely used in practical engineering [27] . Compared with the traditional control method, the control effect of the fuzzy control is better for the non-linear time-varying control object. On the one hand, the control object of the fuzzy control does not need to have a relatively accurate model. It relies on the experience of the designer in the design process of the control strategy and avoids the calculation of complex formulas. On the other hand, the establishment of the fuzzy rule base can be adjusted according to the controlled object, which is convenient for system management and control. Figure 4 is a block diagram of the principle of the fuzzy control. The fuzzy controller includes four modules: Expert knowledge base, fuzzification processing, fuzzy reasoning and de-fuzzification processing. The knowledge base of the fuzzy control is generally composed of the database and rule base. The database is a space that stores the membership vector values of all fuzzy sets. The membership vector values of continuous data universe can be expressed by the membership function. The rule base is established on the basis of expert knowledge or long-term operational experience in the research field [28] . All input variables of the system must be fuzzified. The fuzzification mainly The knowledge base of the fuzzy control is generally composed of the database and rule base. The database is a space that stores the membership vector values of all fuzzy sets. The membership vector values of continuous data universe can be expressed by the membership function. The rule base is established on the basis of expert knowledge or long-term operational experience in the research field [28] . All input variables of the system must be fuzzified. The fuzzification mainly includes the determination of fuzzy segmentation and membership function. Fuzzy segmentation refers to the determination of the number of fuzzy sets. Fuzzy reasoning is the key link to get the fuzzy control quantity from the fuzzy input of the controller through the fuzzy rules. The reasoning result of the fuzzy logic is the fuzzy value, which can not be directly output as the control quantity. It needs to be converted into the exact value of the control quantity of the controlled object. This process is the de-fuzzification process of the fuzzy control.
In the case of unknown line resistance, an improved droop controller based on fuzzy logic algorithm is proposed in this paper. By detecting the voltage and power difference of the converter, the droop coefficient is adjusted in real time to reduce the influence of the line resistance on the current sharing accuracy. The fuzzy logic controller is designed as shown in Figure 5 , U i is the ith line port voltage value, ∆P i is the power difference of ith line. U i and ∆P i are input variables of the fuzzy logic controller, output r i generates the adjustment of the resistance droop coefficient through an integral operation, i.e., ∆R di . The adjusted droop coefficient R di ' is added to the droop control to improve the droop curve.
includes the determination of fuzzy segmentation and membership function. Fuzzy segmentation refers to the determination of the number of fuzzy sets. Fuzzy reasoning is the key link to get the fuzzy control quantity from the fuzzy input of the controller through the fuzzy rules. The reasoning result of the fuzzy logic is the fuzzy value, which can not be directly output as the control quantity. It needs to be converted into the exact value of the control quantity of the controlled object. This process is the de-fuzzification process of the fuzzy control.
In the case of unknown line resistance, an improved droop controller based on fuzzy logic algorithm is proposed in this paper. By detecting the voltage and power difference of the converter, the droop coefficient is adjusted in real time to reduce the influence of the line resistance on the current sharing accuracy. The fuzzy logic controller is designed as shown in Figure 5 , Ui is the ith line port voltage value, ΔPi is the power difference of ith line. Ui and ΔPi are input variables of the fuzzy logic controller, output ri generates the adjustment of the resistance droop coefficient through an integral operation, i.e., ΔRdi. The adjusted droop coefficient Rdi' is added to the droop control to improve the droop curve. where, ΔPi is obtained by comparing the average power of the system with its own power, the calculation formula is shown as follows:
The analysis results are found in Section 2.2, the change of the droop coefficient will cause the bus voltage deviation. The purpose of introducing the voltage amount in the fuzzy logic controller is to prevent the voltage drop from being aggravated by the too large resistive droop coefficient. The fuzzy logic output ri is used as the adjustment of the droop coefficient after integral calculation.
Determination of Fuzzy Logic Rules
In this paper, the reference value of the DC microgrid bus voltage is set to 400 V, and the fluctuation range of Ui is set within ±5% (380 V-420 V). The range of the unbalanced power ΔPi needs to be determined according to the maximum load power value of the system, set ΔPi ϵ (−5, 5) kW. The fuzzy logic output ri is generally smaller than the droop coefficient, generally set ri ϵ (−0.1, 0.1) [29] . In this paper, the triangular membership function is used, the triangular membership function is the most common and simplest fuzzy membership function [30] . The membership functions of the input and output of the controller are shown in Figure 6 . Where, ∆P i is obtained by comparing the average power of the system with its own power, the calculation formula is shown as follows:
The analysis results are found in Section 2.2, the change of the droop coefficient will cause the bus voltage deviation. The purpose of introducing the voltage amount in the fuzzy logic controller is to prevent the voltage drop from being aggravated by the too large resistive droop coefficient. The fuzzy logic output r i is used as the adjustment of the droop coefficient after integral calculation.
In this paper, the reference value of the DC microgrid bus voltage is set to 400 V, and the fluctuation range of U i is set within ±5% (380 V-420 V). The range of the unbalanced power ∆P i needs to be determined according to the maximum load power value of the system, set ∆P i (−5, 5) kW. The fuzzy logic output r i is generally smaller than the droop coefficient, generally set r i (−0.1, 0.1) [29] . In this paper, the triangular membership function is used, the triangular membership function is the most common and simplest fuzzy membership function [30] . The membership functions of the input and output of the controller are shown in Figure 6 . Among them, Ui contains the fuzzy subset A-G range from small to large, ΔPi and ri contain NL, NB, NS, Z, PS, PB, PL, a total of seven fuzzy subsets. Fuzzy rules are established by the logical relation between output and input. With the increase of the resistance droop coefficient, the current sharing accuracy among converters can be improved, but at the same time, the DC bus voltage deviation increases. Therefore, the fuzzy logic rules need to satisfy the following three conditions: When ΔPi (ΔPi > 0 kW) or Ui (Ui > 400 V) is the bigger, the droop resistance needs to be increased; when ΔPi (ΔPi < 0 kW) or Ui (Ui < 400 V) is the smaller, the droop resistance needs to be decreased. When the DC bus voltage is about 400 V and the unbalanced power approaches zero, the droop resistance will not change [29] . According to the above fuzzy logic, the fuzzy logic rule table is established as shown in Table 1 , and the reasoning result of the fuzzy logic is shown in Figure 7 . The fuzzy rules in Table 1 fully reflect the logical relationship between ri and Ui, ΔPi. The following two rules are selected from the table for illustration:
Rule 1: If Ui is B and ΔPi is NB, then ri is PL. Rule 2: If Ui is F and ΔPi is PB, then ri is NL. Rule 1 is interpreted as: When the converter voltage Ui is B and the power difference ΔPi is NB, the output ri given by the fuzzy controller is PL, and the adjusted droop coefficient will reduce to increase the bus voltage.
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The Improved Hierarchical Control Algorithm
The traditional double compensation hierarchical control algorithm based on the voltage and current deviation is shown in Figure 8 . After collecting the voltage and current information of each DG, calculating the average voltage and current, the deviation of the voltage and current in the local controller is calculated by comparing them, and then the deviation of voltage and current are inputted to the corresponding proportion-integral (PI) controller, respectively. The PI controller of the voltage and current, respectively aims to regulate the DC bus voltage and output current of each converter. The sum of 
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The traditional double compensation hierarchical control algorithm based on the voltage and current deviation is shown in Figure 8 . After collecting the voltage and current information of each DG, calculating the average voltage and current, the deviation of the voltage and current in the local controller is calculated by comparing them, and then the deviation of voltage and current are inputted to the corresponding proportion-integral (PI) controller, respectively. The PI controller of the voltage and current, respectively aims to regulate the DC bus voltage and output current of each converter. The sum of After collecting the voltage and current information of each DG, calculating the average voltage and current, the deviation of the voltage and current in the local controller is calculated by comparing them, Energies 2019, 12, 2995 9 of 17 and then the deviation of voltage and current are inputted to the corresponding proportion-integral (PI) controller, respectively. The PI controller of the voltage and current, respectively aims to regulate the DC bus voltage and output current of each converter. The sum of the two regulators is used as the reference voltage value of the local droop control, and the modulation signal of the local converter is generated by the bottom droop control [31] . According to Figure 8 , the reference voltage value generated by the ith converter after the secondary control and droop control is shown as follows:
where, U dc * is the initial reference value of the DC bus voltage, R di and I dci are the droop coefficient and output current of the ith converter, k pv and k iv are the proportional and integral coefficients of the voltage regulator in the secondary control, and k pc and k ic are the proportional and integral coefficients of the current regulator in the secondary control. U dci and I dci are the average voltage and average current of the system, respectively. U i * is added to the voltage and current double loop control to generate the pulse width modulation (PWM) signal of converter. The adjusting effect of the control algorithm is shown in Figure 9 [31].
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where, Rdi' is the droop coefficient adjusted by the fuzzy logic controller, di R is the average droop coefficient of all converters in the system, kpd, kid and kpc, kic are the proportional and integral In the secondary control, the feed-forward compensation control is added to reduce the voltage fluctuation. The current regulator adopts the average current control [13] , and takes the average current as a given value to compare with the output current of the converter, the output of the closed-loop regulator and the output value of the droop coefficient regulator are superimposed to participate in the adjustment of the droop coefficient. The voltage regulator generates compensation for the longitudinal intercept of the droop curve, thereby translating the droop curve. At the same time, the droop coefficient regulator and current regulator produce slope compensation of the droop curve. At this time, the external characteristic resistances of parallel converters are equal [33] . Therefore, this algorithm can reduce the bus voltage fluctuation and improve the current sharing accuracy of the system.
where, R di ' is the droop coefficient adjusted by the fuzzy logic controller, R di is the average droop coefficient of all converters in the system, k pd , k id and k pc , k ic are the proportional and integral parameters of the droop coefficient regulator and current regulator in the secondary control, respectively. Under the action of the improved secondary and droop control, the input U dci * of the inner control can be expressed as follows:
where, k pv and k iv are the proportional and integral coefficients of the voltage regulator respectively. U dci * is added to the voltage and current double loop control to generate the PWM signal of the converter.
Modeling and Analysis of Improved Hierarchical Control Algorithm
Taking two converters with the same capacity as an example, the diagram of the DC microgrid is shown in Figure 12 . parameters of the droop coefficient regulator and current regulator in the secondary control, respectively. Under the action of the improved secondary and droop control, the input Udci* of the inner control can be expressed as follows:
where, kpv and kiv are the proportional and integral coefficients of the voltage regulator respectively. Udci* is added to the voltage and current double loop control to generate the PWM signal of the converter.
Taking two converters with the same capacity as an example, the diagram of the DC microgrid is shown in Figure 12 . 
When the external characteristic resistances of the parallel converters are equal, there are the following relations: 
Therefore, under the joint action of the voltage regulator, the current regulator and the droop coefficient regulator, the external characteristic resistances of all parallel converters tend to be the same, which improve the current sharing accuracy [33] .
Simulation Analysis
Design of Control System Parameters
The design of the control system parameters is shown in Table 2 . Table 2 . Parameters of the control system.
Symbol
Parameters Values Udc DC bus voltage (V) 400 Where, R d1 and R d2 are the equivalent virtual resistances with an adjustable droop coefficient, which are jointly realized by the current regulator and droop coefficient regulator. The following relation can be obtained from Figure 12 :
When the external characteristic resistances of the parallel converters are equal, there are the following relations:
Simulation Analysis
Design of Control System Parameters
The design of the control system parameters is shown in Table 2 . The line resistance of DG1 is set to 0.3 Ω. Three cases are considered in this paper. The first case is that R line2 and R line1 are equal, the second case is that R line2 and R line1 are unequal, and the third case is that the difference of R line2 and R line1 is large, so set R line2 = 0.3 Ω, 0.4 Ω, 0.6 Ω, respectively. In order to test the dynamic adjustment ability of the proposed algorithm to the bus voltage and current sharing accuracy, when t = 0.5 s, the load changes from 200 Ω to 100 Ω, and when t = 1 s, the load changes from 100 Ω to 150 Ω.
The bandwidth of the current loop is set to 200 Hz, and the parameters of the current loop are set as: k pc '=0.2, k ic ' =4. The bandwidth of the voltage loop should be much smaller than that of the current loop, generally between 10 and 60 Hz [34] . When k pv ' = 2, 4, 6 and k iv ' = 62. 8, 125.6, 188.4 , the corresponding bandwidth is 13.3 Hz, 32.2 Hz, 42.7 Hz, respectively. The bode diagram and Nyquist curve of the output voltage to the reference voltage are shown in Figure 13 . The line resistance of DG1 is set to 0.3 Ω. Three cases are considered in this paper. The first case is that Rline2 and Rline1 are equal, the second case is that Rline2 and Rline1 are unequal, and the third case is that the difference of Rline2 and Rline1 is large, so set Rline2 = 0.3 Ω, 0.4 Ω, 0.6 Ω, respectively. In order to test the dynamic adjustment ability of the proposed algorithm to the bus voltage and current sharing accuracy, when t = 0.5 s, the load changes from 200 Ω to 100 Ω, and when t = 1 s, the load changes from 100 Ω to 150 Ω.
The bandwidth of the current loop is set to 200 Hz, and the parameters of the current loop are set as: kpc'=0.2, kic' =4. The bandwidth of the voltage loop should be much smaller than that of the current loop, generally between 10 and 60 Hz [34] . When kpv' = 2, 4, 6 and kiv' = 62. 8, 125.6, 188.4 , the corresponding bandwidth is 13.3 Hz, 32.2 Hz, 42.7 Hz, respectively. The bode diagram and Nyquist curve of the output voltage to the reference voltage are shown in Figure 13 . It can be seen from the above figure that, in the low frequency band, the voltage loop has a good tracking ability. The larger the bandwidth of the voltage loop is, the faster the regulation speed will be, but at the same time, the ability to suppress high-frequency signals becomes weaker, and the greater the bandwidth is, the farther it is from the forbidden zone [35] . Therefore, the bandwidth of the voltage loop is set to 13.3 Hz, kpv' = 2, and kiv' = 62.8 in this paper.
Simulation Results and Analysis
Case 1: Setting the line resistance of DG1 and DG2 to be the same, Rline1 = Rline2 = 0.3 Ω. Verifying the control performance of the traditional algorithm and the proposed algorithm to the current sharing accuracy and voltage regulation when the influence of the line resistance is ignored. Figure 14 is the contrast figure of the two algorithms. It can be seen from the above figure that, in the low frequency band, the voltage loop has a good tracking ability. The larger the bandwidth of the voltage loop is, the faster the regulation speed will be, but at the same time, the ability to suppress high-frequency signals becomes weaker, and the greater the bandwidth is, the farther it is from the forbidden zone [35] . Therefore, the bandwidth of the voltage loop is set to 13.3 Hz, k pv ' = 2, and k iv ' = 62.8 in this paper. accuracy and voltage regulation when the influence of the line resistance is ignored. Figure 14 is the contrast figure of the two algorithms. Figure 15 is the contrast figure of the two algorithms. Figure 16 is the contrast figure of the two algorithms. Figure 14 showed that under the condition of the line resistance matching, both the traditional algorithm and the proposed algorithm could reasonably distribute the output current of DG under Figure 16 is the contrast figure of the two algorithms. Figure 16 is the contrast figure of the two algorithms. Figure 14 showed that under the condition of the line resistance matching, both the traditional algorithm and the proposed algorithm could reasonably distribute the output current of DG under Figure 14 showed that under the condition of the line resistance matching, both the traditional algorithm and the proposed algorithm could reasonably distribute the output current of DG under the condition of load change. Since the traditional algorithm did not compensate the droop resistance, the DC bus voltage could not be maintained on the reference value. As can be seen from Figure 15 , in the case of the line resistance mismatch, the current sharing accuracy of the traditional algorithm was obviously reduced. The larger the current required by the load, the greater the error of the current distribution. The proposed algorithm could output the corresponding virtual compensating resistance through the fuzzy logic controller to avoid the decreasing trend of the current sharing accuracy. As can be seen from Figure 16 , when the line resistance was seriously mismatched, the current sharing accuracy of the traditional algorithm decreases sharply. The proposed algorithm could still achieve better current sharing accuracy.
Conclusions
In this paper, firstly, the principle and limitation of the DC droop control were briefly analyzed. In the case of the large difference in the line resistance, the increase of the droop coefficient could improve the current sharing accuracy of the system, but the too large droop coefficient would aggravate the bus voltage drop, which meant that the voltage regulation and current sharing between DGs could not be realized simultaneously. Then, a fuzzy logic controller was designed, and a hierarchical control algorithm based on improving the droop control was proposed. The algorithm changed the droop resistance by outputting the virtual compensation resistance of the fuzzy logic controller. The droop coefficient regulator and the current regulator together produced the compensation of the slope of the droop curve, and the voltage regulator generated the compensation of the longitudinal intercept of the droop curve. Thus, the droop curve was improved, the current sharing accuracy and voltage regulating ability of the system were improved, and the contradiction between the voltage regulation and current sharing was solved. The proposed algorithm used a low-speed communication system of distributed hierarchical control to obtain the voltage, current and droop coefficients of each unit in the system. The centralized control had obvious defects of a single point fault and no support for plug-and-play. The redundant communication system was needed to reduce the probability of failure, but it increased the cost of the DC microgrid and the complexity of the control system. The tertiary level of control improved the economic benefit and energy efficiency of the microgrid system, but there were still limitations such as control complexity, communication delay and measurement error, and the communication safety factor needed to be optimized and improved. The low-speed communication system of the distributed secondary control reduced the cost of the communication system, solved the drawbacks of the centralized communication system and simplified the structure of the system. The proposed algorithm improved the autonomy, anti-interference ability and stability of the system. Compared with the traditional hierarchical control algorithm, the simulation results verified the effectiveness of the proposed algorithm. 
Conflicts of Interest:
The authors declare no conflict of interest. 
Abbreviations
